This laboratory study investigated design features for artificial reefs to be used as enhanced juvenile lobster habitat. These features included size of brick shelters, size of rocks in rock piles, and the character of the underlying substrate. Experiments using brick shelters tested the ability of two lobster sizes (50-59 and 82-89 mm CL) to enlarge shelters by digging in sand-gravel bottom. If the gravel size was 1-2 cm both lobster sizes occupied . 90% of shelters by 22 h and the difference between occupancy at 2 and 22 h was not significant. If gravel size was 3-5 cm or 6-8 cm fewer shelters were occupied and the excavation of the sand/gravel took longer. Piles of three sizes of rocks were each placed on hard bottom as well as sand/1-2 cm gravel bottom, and the number of lobsters occupying each rock pile noted after 2-days. Six times more 70-79 mm CL lobsters and 1.7 times more 50-59 mm CL lobsters occupied rock piles on sand/gravel than hard bottom. For all rock sizes and substrates combined, three times more small than large lobsters sheltered in rock piles. The greater sheltering by lobsters on sand/gravel bottom and by smaller lobsters was thought to be related to the size of shelters available or that could be created between the rocks and the bottom by excavating under the rocks. Nearly all lobsters in the piles were located between the rocks and the bottom rather than among the rocks. A final experiment compared occupancy of 0.7 m and 1.2 m diameter rock piles by 60-69 mm CL lobsters where both pile sizes were of large rocks on sand-gravel. The larger piles attracted more lobsters, but neither the number/m 2 nor number/m circumference were significantly different. In summary, the substratum beneath a rock reef should be considered part of the reef's structure. Reefs housed more lobsters if the reef was placed on substrate they could excavate. Excavating a sand-gravel mix was easier where the gravel was smaller than 3-5 cm. Because lobsters mostly occupy shelters under the reef, reefs several rocks thick would add little to shelter availability. Occupancy of rock piles was related to rock and lobster size.
INTRODUCTION
Under Canada's Fisheries Act a ''HADD'' is declared when fish Habitat is Altered, Disrupted or Destroyed. Canada's policy of ''no net loss'' requires that the lost habitat be compensated for by creating new or increasing the productive capacity of existing habitat. Impacted marine habitat is often shallow and coastal resulting from harbour related construction. Creating new marine habitat is problematic because of opposition to altering shorelines. In the near shore waters of Nova Scotia, the habitat of the lobster (Homarus americanus H. Milne Edwards, 1837) is being considered as the standard for replacement because: 1) it is typical of much inshore habitat (Miller et al., 1992; Hudon, 1994) , 2) it supports a diverse marine community (Cooper and Uzmann, 1980; Moore et al., 1982) , and 3) the lobster fishery is the most valuable and has the most participants of any fishery in Atlantic Canada.
A sizable literature exists on both field and laboratory observations on lobster habitat and shelters. This has been capably reviewed by Cobb and Wahle (1994) , and Lawton and Lavalli (1995) . The following are some highlights. Substrate preference by early benthic phase lobsters in the laboratory and field was cobble . mud . sand (Cobb, 1971; Botero and Atema, 1982; Hudon, 1987; Wahle, 1992; Wahle and Steneck, 1991; Whale and Steneck, 1992; Palma et al., 1999) . In the field, juveniles showed a strong preference for cobble and boulders over bedrock, mud, or sand (Cobb, 1971; Scarratt, 1973; Hudon and Lamarche, 1989; Wahle and Steneck, 1991; Miller et al., 1992; Castro et al., 2001 ). Mud burrows are constructed by a wide range of lobster sizes when that is the substrate available (Cooper and Uzmann, 1980) , but survival of small juveniles from predation is lower (Roach, 1983; Wahle and Steneck, 1992) . Unlike Cancer sp. who can quickly bury, pre-existing shelters are important for lobsters to avoid fish predation (Richards and Cobb, 1986) . Lobster carapace length was correlated with the square root of the area of shelter opening (Cobb, 1971) . Large rocks shelter small and large lobsters whereas small rocks shelter only small lobsters (Howard, 1980; Wahle, 1992; Wahle and Steneck, 1992) .
In this study, we used laboratory experiments to investigate juvenile lobster habitat that could be added to areas supporting few or no lobsters. Habitat variables included shelters on hard vs. sand/gravel bottom with gravel of different sizes, and rock piles composed of different sized rocks and covering different areas of bottom.
MATERIAL AND METHODS
In the laboratory a small and a large tank were supplied with a continuous supply of ambient sea water ranging from 1.0-4.58C with replacement times of 1.5 and 3 h respectively. Both tanks were illuminated with white lights on a 12 h dark-light cycle. Tank bottoms were covered with a thin rubber mat or a 60% sand/40% gravel mix to a depth of ;7 cm. Sand particles ranged from ;0.2-1.2 mm. Three gravel sizes were used: ;1-2 cm, ;3-5 cm, and ;6-8 cm in their longest dimension. The small tank was divided into two sections 0.75 by 3.3 m and filled to a depth of 21 cm. The large tank was partitioned into either two sections 1.9 by 5.5 m or one section 1.9 by 7.5 m and filled to a depth of 60 cm.
Lobsters were captured by commercial lobster fishermen and held communally in tanks under low light and at the same temperatures as in the experimental tanks. These temperatures were the bottom temperatures at 17 m from mid-March through late-May in Halifax Harbour from where the water was taken, and near the bottom temperatures from mid-March to midMay in western Nova Scotia where the lobster were collected. Lobsters were used more than once but never on successive days. Although lobsters may have learned to enter shelters over successive trials they were offered a choice among shelter types in each trial. In their natural habitat they also must face similar shelter choices many times. There was little overt agonistic interaction between lobsters during experiments, perhaps because of the communal holding conditions and because claw dactyls were immobilized by banding. Dactyls are seldom used in shelter construction (Cobb, 1971; Karnofsky et al., 1989) .
Experiments 1 and 2 in the small tank addressed whether lobsters will remove sand-gravel substrate to enlarge shelters to a size they can occupy in a normal upright position (Table 1) . In both experiments, we recorded the number of shelters occupied after a time interval. Two lobster sizes, 50-59 and 80-89 mm carapace length (CL), were used to broaden the scope of inference across sizes. Shelters for lobsters 50-59 mm CL were constructed of concrete bricks with low entrances 37 mm high by 110 mm wide, or high entrances 57 mm by 110 mm. For lobsters, 82-89 mm CL shelter openings were 57 by 140 mm and 92 by 140 mm. The low shelters were sized so that lobsters could not completely enter without first removing substrate, but lobsters could easily occupy high shelters without excavation. All shelters were 190 mm long, the length of one brick.
In experiment 1, the small gravel experiment, lobsters were offered high and low shelters on sand/1-2 cm gravel substrate in one section of the tank and high and low shelters on hard bottom in the other section. The hard bottom treatments were included to test that shelter openings were properly sized such that lobsters could not occupy the low shelters and they could and would occupy the high shelters.
In experiments 2, the large gravel experiment, the variables were high and low shelters on sand/3-5 cm gravel and high and low shelters on sand/ 6-8 cm gravel. The two gravel sizes were in different sections of the tank. The hard bottom treatments were not repeated because proper shelter sizing was confirmed in experiment 1.
For each experimental replicate the sand/gravel mix was levelled and tamped firm and 7 high and 7 low shelters were placed in random order with one end to the tank wall. Twenty lobsters of one size interval were added to the tank in early afternoon. The number of shelters occupied by lobsters in an upright position was noted 1.5 to 2.5 hours later and at the end of the trial after 20-22 h. We used more lobsters than shelters in order to encourage them to excavate the low shelters if they were able; fewer lobsters than shelters would have permitted them to occupy only the easy-to-enter high shelters.
Experiments 1 and 2 were analyzed using a generalized linear model following logit transformation to convert binomial to continuous data (McCullagh and Nelder, 1983) . For each analysis normal probability plots of residuals (Devore, 2000) showed the residuals to be approximately normally distributed. In experiment 1, lobster size, shelter height, and time were the main effects. The data for hard bottom were not included in the analysis (see results). In experiment 2, lobster size, gravel size, and time were the main effects. Results for high shelters were excluded because nearly all were occupied.
In experiment 3, in the large tank we evaluated whether the number of lobsters sheltering in rock piles varied with rock size and with hard or soft substrate upon which the piles were placed (Table 1 ). The tank was divided into two sections, with hard bottom or sand/1-3 cm gravel and with three piles of rock on each substrate. Rock sizes in each pile were large-flat (25-50 cm with greatest length more than four times depth), large round (25-33 cm), and small round (13-20 cm). The blue quartzite rocks came from a quarry and were roughly sized by sieving. Pile locations in the tank were randomized after each replication. Piles were formed by rapidly dumping rocks from a wheelbarrow into a sheet metal ring 85 cm diameter by 20 cm high. The ring was carefully removed after each pile was built. Dumping from a wheelbarrow gave a haphazard placement of rocks and avoided investigator bias. The pile was usually 2-3 rocks thick and a pile of large round rocks weighed ;155 kg. Twenty lobsters of either 50-59 mm CL or 70-79 mm CL were used on each substrate type. Each lobster size was analyzed with a two-way ANOVA with bottom type and rock size as main effects. The data were not transformed and normal probability plots showed the residuals to approximate a normal distribution. A t-test for unpaired observations and unequal variances was used to compare the total number of lobsters of the two sizes that sheltered in rock piles.
In experiment 4, we evaluated whether the number of lobsters sheltering in a rock pile was proportional to the pile's area or circumference. We compared occupancy of rock piles 70 and 120 cm diameter, used only large-round rocks, and placed piles on only sand-gravel substrate. Two piles of each size were placed in random order in one tank section. Piles were built as before using a wheelbarrow and metal rings. Thirty lobsters 60-69 mm CL were used in each replication. These data were analyzed with t-tests for unpaired observations and unequal variance.
The procedure for experiments 3 and 4 was to drain the tank, build the rock piles, fill the tank, and add lobsters. After leaving the lobsters undisturbed for 42-46 h, nets were lowered over each rock pile to prevent lobsters from leaving, the tank drained, rock piles dismantled, and the lobsters in each pile counted. At this time we could also determine if lobsters were sheltered among or under rocks.
RESULTS
In experiment 1, the hard-bottom treatments verified that the shelter sizes were correct, i.e., the low shelters were too low and the high shelters were high enough to be occupied without excavation. At the end of the trials only 1 of 42 low shelters but 40 of 42 high shelters were occupied, both lobster sizes combined (Fig. 1) . These data were not included in the analysis. The results were clear that both 50-59 mm and 82-89 mm lobsters excavated sand-gravel and occupied the low shelters (Fig. 1) . Although occupancy of high shelters was significantly greater than low shelters (Table 2) , even at ;2 h 69% of the low shelters had been occupied. The number of shelters occupied at 2 h and 22 h was not significantly different. The significantly greater number of small than large lobsters occupying shelters was unexpected. None of the interaction terms were significant.
Experiment 2 compared variables of shelter height, gravel size in the sand/gravel bottom, time, and lobster sizes (Fig. 2) . Because 81 of the 84 high shelters were occupied after 2 hours and 83 of 84 at the end of the experiment, the statistical analysis was conducted on only the low shelters (Table 3 ). The highly significant difference between times shows shelters were not excavated quickly. The significant difference between lobster sizes showed that small lobsters had more difficulty than the large. The difference between gravel sizes was not significant and none of the interaction terms were significant. A comparison of Figs. 1 and 2 for the number of low shelters occupied suggests that the larger gravel is more difficult to excavate, especially for the smaller lobsters. If the lobsters were able to enter a shelter and turn to face the front, they could push the 3-5 cm and 6-8 cm gravel out of the shelter. However, to pull large gravel out of a shelter while facing inward appeared to be more difficult. Excavating the 1-2 cm gravel provided no difficulty for either lobster size. Although not necessary for occupancy, lobsters also excavated sand/gravel from the high shelters and constructed berms in front. A berm of 6-8 cm gravel and sand is pictured in Fig. 3 .
In experiment 3 in the large tank (Fig. 4) , significantly more 50-59 mm CL lobsters occupied rock piles on sandgravel than on hard bottom, and the occupancy of rock piles of different sized rocks was also significant (Table 4) . A significant rock size-lobster size interaction precludes statistical comparisons of individual means, but some conclusions seem apparent. The small round rocks were smaller than optimum for 50-59 mm CL lobsters with means of 0.7 and 1.7 per pile for hard bottom and sand/ gravel respectively. The piles of flat rocks housed the most lobsters on sand/gravel bottom (mean ¼ 7.6) and the piles of large round rocks housed most on hard bottom (mean ¼ 5.0). The large surface of flat rocks could cover larger excavations in sand/gravel without falling into the hole, whereas on hard bottom the largest spaces likely occurred under the large round rocks. Table 2 for statistical analysis. Table 3 for statistical analysis. More 70-79 mm CL lobsters also occupied rock piles on sand-gravel than on hard bottom (Fig. 4, Table 4 ). Occupancy did not differ significantly among piles of different rock sizes, although numerically the greatest number were located under flat rocks on sand gravel and large round rocks on hard bottom as was the case with 50-59 mm CL lobsters. In total, three times as many 50-59 mm CL as 70-79 mm CL lobsters sheltered under rocks of all six treatments, a highly significant difference (t ¼ 3.4, 17 d.f., P , 0.01), indicating that these rock sizes were better suited to the smaller lobsters.
Most lobsters found in rock piles on sand-gravel excavated shelters into the substrate. In the eight trials where location of lobsters was recorded, 120 lobsters were found in depressions under the rocks and only 11 were off bottom among the rocks. The option to adapt shelters by digging was probably the reason for the higher occupancy of rock piles on sand-gravel. Excavated shelters are pictured in Fig. 3 .
In experiment 4, significantly more lobsters sheltered in 1.2 m than 0.7 m diameter piles (Fig. 5) (t ¼ 2.8, 9 d.f., P ¼ 0.03). However, differences were not significant when occupancy was expressed as number/m 2 pile area (t ¼ 0.9, P . 0.05) and number/m pile circumference (t ¼ 1.2, P . 0.05). If occupancy was proportional to area we would expect the number/m to be different and if proportional to circumference would expect number/m 2 to be different. Pile sizes may have been too similar or replications too few to detect these differences.
DISCUSSION
Locating shelters on substrate that lobsters can excavate can increase the rate of shelter occupancy. Burrowing behaviour was described in detail by Cobb (1971) and many studies have mentioned the ability of lobsters of all sizes to excavate shelters [reviewed in Lawton and Lavalli, (1995) ]. In this study both 50-59 and 82-89 mm CL lobsters removed enough sand/1-3 cm gravel mix from brick shelters to enter most shelters in ;2 h. In the large tank, more of both sizes of lobsters tested took shelter in rock piles on sand-gravel than on hard bottom, apparently because they could enlarge shelters under the rocks.
The coarseness of the substrate affected the ability of lobsters to burrow. The excavation took longer when the gravel was 3-5 or 6-8 cm rather than 1-2 cm and fewer low shelters were occupied, especially for the smaller 50-59 mm CL lobsters. These results were similar to those of Cobb (1971) who placed lobsters on gravel substrate without sand and reported that lobsters up to 80 mm CL moved gravel in the range of 1-3 cm but were unable to move 3-6 cm gravel. Lobsters of 15 mm CL were able to make depressions in 3-10 mm but not in 10-16 mm gravel.
The rock sizes tested in the large tank were better suited to 50-59 than 70-79 mm CL lobsters. The spaces between rocks were probably more appropriate for the small than large lobsters and larger shelters excavated under rocks by larger lobsters were probably more likely to collapse. Greater agonistic interaction between the larger lobsters and a greater tendency for smaller lobsters to seek shelter are possible contributors to more small lobsters sheltering in rock piles. However, in the experiments with brick shelters small and large lobsters behaved similarly in that nearly all the shelters that could be occupied were occupied by both sizes. Given a relationship between rock size and lobster size, reefs might be built to target habitat bottlenecks for particular sizes (Caddy and Stamatopoulos 1990) .
Wahle (1992) presented a regression relating lobster size to the smallest rock sizes in which lobsters could shelter. The regression was based on size of the spaces between Table 4 for statistical analysis. (Fig. 3) . Field studies have not provided a clear relationship between lobster size and rock size (Table 5) , probably because most reef construction has used a range of rock sizes and a range of lobster sizes were available to inhabit the reefs. On naturally occurring bottoms with rock sizes of 10-45 cm and 45-175 cm, Richards and Cobb (1986) reported similar mean lobster sizes of 45 and 49 mm CL. Howard (1980) reported shelter size rather than rock size for three fishing grounds for H. gammarus. For two grounds where 50 by 50 by 50 cm shelters were common, modal lobster size was near the legal minimum size for the fishery. On the third ground where shelter sizes were smaller, modal lobster size was 20 mm CL below legal minimum size. Wahle and Incze (1997) found lobster sizes from newly settled to 60 mm CL in artificial reefs made of 15-25 cm cobble.
In laboratory studies providing lobsters choices among rock sizes, Wahle (1992) provided the clearest results (Table  5 ). The smallest lobsters occupied the complete range of rock sizes tested whereas the largest lobsters occupied only the largest rocks.
In this study, in the large tank nearly all lobsters were sheltered under rocks rather than among rocks. This observation suggests building thicker reefs would not add to the shelter opportunities. Scarratt (1973) surmised his reef would have housed 4-5 times the number of lobsters if the same amount of rock had been distributed over 4-5 times the area.
Also, in this study more lobsters were located in the 1.2 than 0.7 m diameter rock piles, but the number per m 2 or per m perimeter did not differ. Bologna and Steneck (1993) constructed artificial kelp beds of 1, 2, and 4 m 2 on uniform silty-sand bottom and counted the lobsters occupying the beds. They found that lobster densities of 1.65, 1.41, and 1.24 per m 2 in beds of 1, 2 and 4 m 2 respectively were significantly different, but numbers per m perimeter were not significantly different. They concluded that lobsters located mostly near the perimeter of the beds. Although means in our study, 8.4 and 6.6/m 2 for rock piles of 0.4 and 1.1 m 2 , were in the expected direction, differences were not significant.
Lobster densities on other artificial reefs were 0.2/m 2 for H. gammarus on reefs of 20 by 20 by 40 cm blocks (Jensen et al., 1994b) and 0.14/m 2 (15.1 g/m 2 ) for Scarratt's (1973) Considering only the footprint of the blocks, densities were an extraordinary 12.2 lobsters/m 2 and 2673 g/m 2 . Our ''artificial reefs'' in the large tank were constructed of blue quartzite roughly sized by sieving. This material is inexpensive, readily available, and will be tested for reef construction in the sea.
In summary, the substrate beneath a rock reef should be considered part of the reef's structure. Reefs will house more lobsters if the reef is placed on substrate they can excavate. If the substrate is a sand-gravel mix, then gravel size can affect the lobsters' success at excavation. Because lobsters usually occupy shelters under a reef, reefs several rocks thick would add little to the number of shelters. A relationship between rock size and the size of lobster finding shelter was confirmed. 
